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ABSTRACT 

Small-angle  X-ray  scattering  has  been  employed  to  study  the 
stability  of  G.P.  zones  in  two  Al-Zn  alloys  during  fatigue,  in 
order  to  provide  statistically  sound  information  on  this  process. 
In  a  5.3  at.  pet.  Zn  alloy  containing  “lO2^  zones  per  m^  with 
an  average  diameter  of  18  A,  the  normally  sluggish  coarsening  was 
accellerated  by  fatigue  at  room  temperature  by  factors  of  10^-10? 

except  near  a  fatigue  crack.  Reverted  samples  aged  rapidly  dur¬ 
ing  fatigue  at  room  temperature,  but  in  a  reverted  sample  of 
Al-3.5  at.  pet.  Zn  cycled  at  77° K  no  appreciable  zone  growth 

occurred.  Upon  warming  this  sample  to  room  temperature  (without 

I 

any  load)  rapid  clustering  took  place.  These  results  imply  that 
a  vacancy  fraction  of  10“5»io“®  Mas  produced  by  the  fatigue,  and 
this  excess  vao.ancy  concentration  appears  to  be  the  cause  of  the 
zone  growth  during  cycling  at  room  temperature. 
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INTRODUCTION 

Precipitation-hardened  alloys  are  known  to  be  particularly 
vulnerable  to  the  plastic  strain  localization  which  accompanies 
fatigue.  Most  theoretical  attempts  at  explaining  the  poor  fati¬ 
gue  resistance  of  these  materials  are  based  on  the  evolution, 
stability,  and  redistribution  of  the  precipitate  structure  during 
fatigue.  Mechanisms  based  on  particle  disordering1,  overaging2, 
reversion^,  Ostwald  ripening4,  and  aging  inhomogeneities5  have 
been  suggested.  These  conflicting  interpretations  have  been 
based  primarily  on  evidence  obtained  with  the  transmission  elec¬ 
tron  moicroscope,  by  imaging  the  local  fatigue-induced  structure 
within  persistent  slip  bands  (psb's).  Precipitate-dislocation 
interactions  can  easily  be  obscured  in  such  regions  of  high  de¬ 
formation.  Also,  the  sample  volume  which  can  be  examined  is  ne¬ 
cessarily  small,  and  may  not  be  representative  of  the  overall 
response.  Destructive  sample  preparation  techniques  often  pre¬ 
vent  convincing  "before  and  after"  images  throughout  the  various 
stages  of  fatigue. 

Small-angle  X-ray  scattering  (SAXS)  has  been  used  in  this 
Investigation  to  obtain  for  the  first  time  a  quantitative  esti¬ 
mate  of  the  ohanges  in  G.P. zones  in  Al-Zn  alloys  due  to  fatigue. 
Bulk  samples  of  Al-3.5  and  $.3  at.  pot.  Zn  have  been  oyoled  to 
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failure  in  fully  reversed  loading  at  both  room  temperature  and  77 
°K.  The  initial  heat  treatments  have  been  varied  to  permit  char¬ 
acterization  of  the  damage  at  various  stages  of  the  age-  harden¬ 
ing  process.  At  the  same  time  as  this  study®  Steiner  et  al^  re¬ 
ported  some  preliminary  results  on  Cu-Co  alloys,  employing  small- 
angle  neutron  scattering .They  suggested  that  reversion  occurred, 
primarily  in  the  psb's,  but  unfortunately  they  examined  only  two 
specimens  and  in  only  one  of  these  did  the  changes  exceed  experi¬ 
mental  error. (They  reported  decreases  in  the  volume  fraction  of 
zones,  but  this  requires  extrapolation  of  the  data  in  a  region 
where  the  form  of  the  scattering  is  not  exactly  known  and  the  ex¬ 
trapolated  portion  is  a  significant  contribution  to  the  result.) 

EXPERIMENTAL  PROCEDURES 

Specimens 

Dog-bone  shaped  fatigue  samples  were  spark  cut  from  alloy 
sheet  which  had  been  strain  annealed  to  coarsen  the  grain  size  to 
1-3  mm.  The  specimen  design  was  based  on  the  need  to  facilitate 
the  measurements  of  small-angle  X-ray  scattering.  The  coarse 
grain  size  was  large  enough  to  contain  the  0.35mm  X-ray  beam,  and 
the  specimen  was  made  thin  enough  to  allow  penetration  of  this 
beam.  The  nominal  dimensions  are  shown  in  Fig.1.  The  heat  tre¬ 
atments  given  to  the  six  specimens  are  summarized  in  Table  I. 


I 


1 


Fatigue  Testing 


Tension-compression  cycling  was  carried  out  In  laboratory 
air  at  room  temperature  and  In  dynamic  displacement  control  (un¬ 
less  otherwise  noted).  An  Znston  model  1251  electrohydraulic  fa¬ 
tigue  machine  was  employed.  Low  temperature  tests  were  carried 
out  on  a  specially  designed  apparatus**.  The  sample  was  cycled  in 
load  control  within  a  Dewar  flask  containing  liquid  nitrogen.  In 
all  tests,  an  anti-buckling  jig  was  attached  to  the  specimen^* 10. 
Because  each  sample  was  thin  enough  to  pass  the  X-ray  beam,  buck¬ 
ling  could  occur  at  small  compressive  loads,  and  lateral  dis¬ 
placement  was  restricted  with  flat  A1  plates  clamped  around  lu¬ 
bricated  Teflon  gaskets.  The  cycling  frequency  at  room  tempera¬ 
ture  was  usually  0.1  Hz,  but  this  was  increased  to  5  Hz  for 
high-cycle  fatigue.  The  low  temperature  testing  was  run  at  .023 
Hz,  to  assure  smooth  operation  of  the  anti-buckling  jig  in  the 
liquid  nitrogen  bath. 


A  sketoh  of  a  hysteresis  loop  is  given  in  Fig. 2,  to  illus¬ 
trate  the  nomenclature  to  be  followed  in  this  paper.  The  plastic 

strain*  &«_,  was  obtained  from  the  loop  width  at  zero  load.  The 
PL 

peak  stress,  g|n.r>  is  the  average  for  the  tensile  and  oompresslve 
halves  of  the  loop. 
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Snail-Angle  Scattering 

The  X-ray  measurements  were  obtained  with  a  Rigaku-Denkl 
model  200PL  12  kw  rotating  anode  generator.  A  No  target  was  op¬ 
erated  with  a  0.5  am  square  focus  at  50kV,  180  mA.CHo  radiation 
was  chosen  so  that  a  relatively  thick  specimen  could  be  used.) 
Pinhole  collimation  (0.5  and  0.3  am  slits  separated  by  250  mm) 
were  employed  with  a  Rigaku-Denki  small-angle  scattering  goniome¬ 
ter.  The  sample  was  100  mm  from  the  second  slit  and  a  scatter 
slit,  and  the  beam's  path  was  evacuated  to  10 ^m.  The  detection 
system  consisted  of  a  one  dimensional  gas-flow  proportional 
counter fcovered  with  a  Zr  foil  to  emphasize  the  Ka  radiation, 
and  324  mm  from  the  sample.  This  detector  was  Interfaced  through 
a  multi-channel  analyzer  to  a  DEC  PDP8/E  minicomputer11.  The 
system's  linearity  was  examined  by  displacing  the  detector  known 
amounts  in  front  of  a  narrow  X-ray  beam.  The  detector  resolution 
was  "  0.05? 20.  The  intensity  of  a  peak  from  a  film  of  polyethy¬ 
lene  in  the  beam  was  sometiaes  employed  to  normalize  different 
aeasurements  with  a  given  sample.  However,  when  the  scattering 
was  weak,  this  fila  was  ramoved,  because  it  produced  some  back- 
round  scattering. 

A  sample  could  be  positioned  in  the  X-ray  beam  in  a  reprodu¬ 
cible  fashion,  so  that  the  same  area  in  any  grain  could  be  exam- 
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ined  at  «ach  step  of  any  sequence  of  cycling.  This  was  accom¬ 
plished  by  painting  a  small  dot  of  X-ray  sensitive  phophor  on  the 
spot  to  be  examined.  With  the  room  lights  dimmed,  the  sample 
could  be  placed  so  as  to  maximize  the  phosphor's  brightness  in 
the  X-ray  beam.  Once  the  specimen  was  in  the  desired  position, 
the  phosphor  was  rinsed  away  with  methyl  alcohol.  By  tilting  a 
specimen  around  an  axis  parallel  to  the  X-ray  beam,  any  anisotro¬ 
py  in  the  scattering  could  be  detected.  The  data  were  analyzed 
with  computer  code  for  the  miniprocessor,  applying  the  theory  of 
small-angle  scattering  summarized  in  the  Appendix. The  quantities 
determined  were:  1)  the  Guinler  radius,  RGLS  .where  the  sub¬ 
scripts  LS  imply  a  least  squares  solution  to  the  intensity  (this 
radius  is  a  measure  of  the  moment<R®>/<R^>) ,  2)the  Porod  radius, 
Rpts  (<R^>/<R^>),  3)the  size  distribution,  4)these  two  radii  from 
the  size  distribution  (indicated  by  subscripts  3D),  which  by  com¬ 
parison  with  the  radii  from  the  data  Itself  Indicates  the  validi¬ 
ty  of  the  procedures  employed  to  obtain  the  distribution),  5)the 
average  diameter  ,<D>,  from  the  distribution,  6)the  total  number 
of  zones  per  unit  volume,  Ny  ,6)the  Integrated  small-angle 
scattering,  Q,  which  is  a  measure  of  the  volume  fraction  of 
zones,  and  7) whether  or  not  the  Pored  region  indicated  a  sharp 
matrix-zone  interface.  All  measurements  at  room  temperature  were 
made  immediately  following  fatigue,  to  minimize  recovery.  For 
the  test  st  77°  X,  a  spaolal  cryogenic  sample  stage  was  added  to 
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the  SAXS  goniometer,  which  maintained  the  sample  at  178° K.  This 
consisted  of  a  large  copper  rod  extending  from  within  a  liquid 
nitrogen  bath,  and  to  which  the  sample  was  clamped..  A  plexi¬ 
glass  clinder  around  this  rod  was  purged  continuously  with  cold, 
dry  nitrogen  gas.  Thin  Mylar  windows  for  the  X-ray  beam  were  ce¬ 
mented  to  this  cylinder,  and  a  fan  blowing  cold  air  was  directed 
at  the  frame  to  prevent  condensation  of  moisture.  The  transfer 
of  the  sample  from  the  nitrogen  bath  on  the  fatigue  machine  to 
this  device  was  made  under  liquid  nitrogen. 

RESULTS 

Aged  Al-5. 3  at .  pet  2n 

a)Spherical  G.P.  Zones,  18  A  in  Average  Diameter 

Sample  V  (see  Table  II)  was  cycled  to  failure  in  total  di¬ 
placement  control,  with  a  total  plastic  strain,  '3*5  pet.  (For 
all  specimens,  hysterisis  loops  and  microphotographs  of  the  sur¬ 
face  can  be  found  in  ref.  6.)  Faint  slip  lines  were  observed  on 
the  surface  of  the  sample  at  failure. An  uncracked  grain  was  cho¬ 
sen  for  the  pre-fatigue  and  post-fatigue  comparisons.  (The  domi¬ 
nant  failure  mode  in  these  alloys  is  grain  boundary  separation, 
which  is  most  likely  due  to  the  precipitate  -free  zone  bordering 
these  boundaries  12.)  The  parameters  determined  from  the 
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small-angle  X-ray  scattering  are  summarized  in  Table  III  and 
Fig. 3. 


Comparison  of  the  SAXS  parameters  before  and  after  fatigue 
reveals  that  fatigue  reduced  the  number  of  small  zones,  while  in¬ 
creasing  the  number  of  large  ones.  This  is  evident  from  the 
steeper  slope  of  the  Guinier  plot  in  Fig. 3  after  fatigue  than  be¬ 
fore,  and  as  well,  the  shift  in  the  size  distribution  to  larger 
sizes.  Fatigue  did  not  alter  the  amount  of  solute  in  the  matrix, 
because  the  integrated  intensity  (Q  in  Table  III)  was  constant; 
this  value  is  directly  related  to  the  solute  in  the  zones  and 
hence  their  volume  fraction,  since  the  zone  composition  is  fixed. 

The  increase  in  average  zone  diameter  by  35  pet.,  the  con¬ 
stant  volume  fraction,  and  the  reduction  in  the  total  number  of 
zones  by  60  pet  suggests  that  Ostwald  ripening  took  place  during 
cycling.  Coarsening  at  this  stage  of  aging  is  normally  sluggish 
in  the  absence  of  deformation,  and  so  it  is  remarkable  how  much 
zone  growth  occurred  in  the  25  minutes  it  took  for  the  fatigue 
test . 

b)3pherlcal  G.P.  Zones,  2*  l  in  Average  Diameter 

Sample  T  was  examined  in  two  stages  of  fatigue,  described  in 
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Table  II.  Two  separate  locations  on  the  sample  were  examined 
with  SAXS.The  region  examined  before  fatigue,  and  after  two  sets 
of  cycles,  was  located  within  an  uncracked  grain  showing  faint 
slip  markings.  The  other  grain  (examined  only  after  the  second 
number  of  cycles)  contained  one  of  the  few  tr ansgr anular  deforma¬ 
tion  markings  in  the  gage  section,  and  which  appeared  to  be  asso¬ 
ciated  with  the  linking  of  grain  boundary  cracks.  The  SAXS  re¬ 
sults  are  summarized  in  Table  III.  Essentially  no  change  in  the 
size  or  amount  of  the  zones  occurred  in  the  uncracked  grain. (It 
is  interesting  to  note  that  this  is  the  same  result  reported  in 
ref. 7  for  Cu-Co  alloys  with  about  the  same  zone  size  or  larger.) 
The  other  grain,  however,  underwent  a  remarkable  change  in 
scattering  power,  as  can  be  seen  in  Fig. 4.  Tilting  the  sample 
about  an  axis  parallel  to  the  incident  X-ray  beam  revealed  the 
anisotropic  nature  of  the  scattering  pattern.  This  anisotropy 
indicated  oriented  plate-  like  zones.  It  is  well  known  that  that 
there  are  intermediate  phases  (R  and  a '  )  which  are  platelike  in 
form1^.  Following  refs.  14  and  15,  the  scattering  patterns  were 
analyzed  in  terms  of  platelets  of  thickness  t,  diameter  D,  and 
volume  V,  and  the  resultant  values  are  given  in  Table  III. 

Consideration  of  all  the  data  on  sample  T  in  this  table  in¬ 
die  atea  that  a  sample  fully  aged  to  oontaln  large  spherical  G£ 
xones  experleneed  negligible  aolute  redistribution  within  un- 
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cracked  grains  at  low  cyclic  plastic  strain.  However,  in  the  de- 
formation  front  associated  with  an  advancing  crack  ,  coarsening 
was  acceller ated .  Assuming  no  appreciable  change  occurred  in  the 
solute  content  of  the  matrix,  approximately  twenty  spherical 
zones  were  destroyed  (dissolved)  for  each  large  platelet  that 
formed  . 

c)  Ellipsoidal  G.P.  Zones 

Specimen  R  was  aged  to  form  ellipsoidal  zones,  and  was  cy¬ 
cled  in  fully  reversed  loading  under  plastic  strain  control.  The 
fatigue  parameters  are  summarized  in  Table  II.  Prior  to  fatigue, 
the  scattering  showed  a  variation  in  RCLs  of  ~  20  Pct  with  tilt 
of  the  specimen  around  the  incident  X-ray  beam,  which  indicates 
that  the  ellipsoidal  zones  had  a  preferred  orientation  in  the 
grain  examined.  The  results  after  fatigue  are  in  Table  III. 
There  was  essentially  no  change  in  the  size  or  amount  of  the 
zones  in  the  (uncracked)  grain  that  was  examined.  This  could  be 
due  to  the  low  driving  force  for  coarsening  at  this  late  stage  of 
aging,  or  a  dynamic  balance  between  a  reduction  in  size  (by  cut¬ 
ting  of  the  zones  by  dislocations)  and  coarsening. 
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The  reversion  theory  of  fatigue  softening^  suggests  that 
G.P.  zone  dissolution  occurrs  by  shearing  within  persistent  slip 
bands.  The  remaining  fragments  of  G.P. zones  would  be  subcritical 
in  size  and  dissolve,  leaving  a  band  of  supersaturated  solid  so¬ 
lution  in  the  interior  of  a  psb .  Strain  would  become  increasing¬ 
ly  localized,  and  cracks  could  initiate  easily  in  these  weaker 
regions.  The  fatigue-induced  overaglng  reported  in  the  previous 
section  suggests  that  in  the  case  of  alloys  aged  extensively,  any 
solute  resulting  from  reversion  does  not  remain  in  the  matrix, 
but  instead  re-precipitates  on  nearby  large  zones  or  platelike 
precipitates.  In  order  to  characterize  the  effects  of  fatigue  on 
a  supersaturated  solid  solution,  three  samples  were  cycled  in  the 
underaged  condition.  Samples  S  (5.3  at.  pet.  Zn)  and  P  (3.5 
at.  pet.  Zn)  were  given  the  thermomechanical  treatments  des¬ 
cribed  in  Table  I.  The  procedures  indicated  were  chosen  to 
strengthen  the  precipitate-free  zones  adjacent  to  grain  boundar¬ 
ies,  by  introducing  a  stable  tangle  of  dislocations  in  these  re¬ 
gions,  and  then  reforming  the  zones  more  homogeneously,  following 
ref  16.  A  modest  improvement  in  high-cycle  lifetime  was  reported 
in  this  reference.  A  third  sample, L(3. 5  at.  pet.  Zn)  was  cy¬ 
cled  in  liquid  nitrogen  in  the  reverted  condition. 


a)  Sample  S 
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As  shown  in  Fig.  5,  the  reaging  of  this  sample  produced 
little  change  in  the  SAXS  pattern,  compared  to  the  reverted 
state.  It  was  then  cycled  (with  dynamic  displacement  control)  in 
three  stages.  The  first  consisted  of  15  cycles  over  which  the 
total  strain  level  was  raised  to  0.35  pet.,  and  then  20  cycles 
were  applied.  Following  measurements  of  the  SAXS,  a  second  set 
of  cycles  was  carried  out  in  total  plastic  strain  control 
(  A«pl  =0.1  pet.)  followed  by  measurement  of  the  SAXS.  The  final 
cycling  ended  in  failure  after  10  additional  cycles  at  the  same 
strain  level. 

Surface  slip  striations  were  much  deeper  and  more  closely 
spaced  than  those  on  the  fully  aged  specimens.  An  intergranular 
crack  and  severe  slip  activity  were  observed  in  grains  adjacent 
to  the  one  examined  with  X-rays.  The  scattering  curves  are  given 
in  Fig. 5  for  each  stage.  A  remarkable  increase  in  this  scatter¬ 
ing  due  to  fatigue  is  evident.  The  various  parameters  from  these 
curves  are  summarized  in  Table  III,  where  it  can  be  noted  that 
there  was  a  dramatic  Increase  of  the  total  Intensity  over  that 
for  the  solid  solution;  this  can  also  be  seen  in  Fig. 5.  Also, 
the  results  in  the  table  indicate  that  nucleation  and  growth  of 
G.P. zones  occurred  during  fatigue.  In  only  20  minutes  of 
room-temperature  fatigue  the  total  volume  fraction  of  zones  that 
could  form  did  so.  In  addition  to  the  nucleation  of  new  zones. 
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there  was  a  decrease  in  the  number  of  large  zones  (  those  greater 
than  "40  k  in  diameter).  Thus,  some  dissolution  did  occurr  as 
part  of  the  process,  as  well  as  coarsening. 

b)  Sample  P 

While  this  sample  of  3.5  at.  pet.  Zn  underwent  the  same 
TNT  treatment  as  the  more  concentrated  alloy  (sample  S)  ,  the 
re-aging  step  produced  no  detectable  precipitation  in  this  more 
dilute  alloy.  Sample  S  was  never  exposed  to  the  high-cycle  re¬ 
gime,  so  the  testing  of  sample  P  was  begun  at  low  aplied  strains. 
Cycling  (in  displacement  control)  was  broken  into  nine  separate 
sets,  each  of  which  was  followed  by  examination  of  the  SAXS.  The 
fatigue  parameters  are  given  in  Table  II.  the  first  six  sets 
were  in  the  elastic  regime,  while  in  the  last  three  sets,  gradu¬ 
ally  Increasing  levels  of  total  strain  were  applied. 

Fig.  6  shows  the  dramatic  increase  in  scattering  power  due 
to  fatigue  after  plastic  strain  cycling  began  (set  7).  The  weak¬ 
est  scattering  pattern  in  this  figure  corresponds  to  that  regist¬ 
ered  after  the  cycles  for  set  4,  and  is  the  same  as  the  pattern 
for  the  as-reverted  state.  After  the  cycles  in  set  6  the  pattern 
is  approximately  twice  this  level,  and  is  due  to  only  slight 
clustering,  that  is  the  formation  of  solute  pairs  and  triplets. 
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The  parameters  evaluated  from  these  curves  (for  the  last  three 
sets)  are  summarized  In  Table  III.  Nucleation  and  growth  of 
zones  occurred  up  to  the  end  of  set  8,  and  during  set  9  only 
Ostwald  ripening  took  place;  the  number  of  zones  decreased  while 
the  size  increased  at  constant  volume  fraction  of  zones. 

Thus,  small  "polymers",  involving  only  a  few  Zn  atoms,  form 
in  a  supersaturated  solid  solution  when  it  is  cycled  near  the 
elastic  limit.  Fatigue  of  this  lightly  clustered  state  well  into 
the  plastic  regime  rapidly  increases  the  nucleation  and  growth 
rates  of  G.P.  zones. 

c)  Fatigue  at  77  K,  Sample  L 

Sample  L.  (3.5  at.  pet.  Zn)  was  solution  heat-treated  and 
quenched  in  the  same  manner  as  sample  P  (also  3.5  at.  pet  Zn) . 
However,  no  TNT  treatment  was  applied,  and  following  reversion, 
no  artificial  aging  treatment  was  employed.  Because  re-aging  at 
room  temperature  following  reversion  is  slow  in  dilute  Al-Zn  al¬ 
loys,  sample  L  was  cycled  in  an  essentially  homogeneous  condi¬ 
tion,  in  stress  control  at  100  NPa  for  100  cycles  at  77°  K.  (No 
cracks  were  observed  after  the  tests.)  The  first  SAXS  patterns 
were  reoorded  Immediately  after  fatigue  with  the  sample  at  178°K. 
At  no  time  during  or  after  fatigue  did  the  sample  temperature 
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«ver  exceed  this  value.  After  X-ray  patterns  were  taken,  the 
sample  was  warmed  to  room  temperature  and  SAXS  was  obtained  from 
two  different  grains. 

The  scattering  patterns  after  fatigue  (taken  at  178°  K)are 
shown  in  Fig. 7a.  the  weakest  curve  was  collected  with  the  X-ray 
beam  located  in  the  undeformed  grip  section,  and  illustrates  the 
diffuse  scattering  typical  of  the  as-reverted  state.  The  size 
distributions  are  shown  in  Fig.  7b,  and  the  various  parameters 
obtained  from  the  data  are  included  in  Table  III. 

Solute  diffusion  at  77°  K  is  negligible  and  therefore  the 
pattern  taken  at  178°K  represents  the  (small)  amount  of  cluster¬ 
ing  that  occurred  at  this  latter  temperature  during  the  time  it 
took  to  obtain  the  data  ("12  hrs).  Employing  estimates  of  the 
zone  composition  at  this  temperature it  can  be  shown  that  the 
Integrated  SAXS  implies  that  the  solute  content  of  the  matrix  was 
the  equilibrium  value;  that  is,  all  the  solute  that  could  be  in 
zones  was  in  such  regions  at  this  point.  The  patterns  from  the 
two  grains  that  were  subsequently  examined  at  room  temperature 
indicate  that  the  fatlgue-enhanoed  aging  varied  from  grain  to 
grain,  probably  depending  on  the  local  value  of  the  erltlcal  re¬ 
solved  shear  stress.  These  two  patterns  show  clearly  that  zone 
growth  occurred  upon  warming  the  sample  to  room  temperature. 
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Since  zone  growth  took  place  at  both  178° K  and  298° K  without  any 
load  being  applied,  it  can  be  inferred  that  vacancies  in  large 
quantities  were  produced  by  fatigue  at  77°K,  and  were  retained  in 
the  alloy.  A  dynamic  dislocation  mechanism  for  solute  redistri- 
bution  during  fatigue  is  not  required. 

DISCUSSION 

While  it  is  well  known  that  fatigue  produces  vacancies1**, 
this  is  the  first  report  to  show  directly  that  the  concentration 
is  so  large  that  it  can  produce  rapid  nucleatlon,  growth,  and  co¬ 
arsening.  This  was  first  suggested  by  Broom  et  al1^  based  on  me¬ 
chanical  behavior.  It  is  difficult  to  calculate  this  excess  va¬ 
cancy  concentration  from  first  principles  because  of  the  variety 
of  dislocation  configurations  and  Interactions  that  develop  dur¬ 
ing  cycling.  An  empirical  estimate,  due  to  Seitz20  is  based  on  a 
linear  relationship  between  vacancy  content  and  applied  strain: 

Ny  mi  10  '4«pL,  (1) 

where  Ny  is  the  fraction  of  vacant  lattice  sites.  Another  esti¬ 
mate  is  possible  by  comparing  the  coarsening  rates  observed  in 
this  study  with  that  predicted  by  the  theory  of  Ostwald  ripening. 
Greenwood21  has  derived  a  convenient  expression  for  this  process: 

*fiMr  ^Initial  ‘  3  •  «> 
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Here  ,  v,  the  interfacial  energy  per  unit  surface  area  can  be  es< 
timated  for  the  Al-Zn  system  as  46  x  10?  joules  per  ,  from  the 
work  by  Bohm  and  Gerold22.  The  term  Va  is  the  volume  per  atom, 
and  the  Zn  concentration  in  a  large  particle  can  be  taken 
from  the  known  metastable  phase  diagram.  The  average  sizes  are 
accessible  from  the  size  distributions  presented  in  the  previous 
section,  and  the  time  from  the  known  cycle  frequency  and  the 
number  of  cycles.  In  this  way  D,  the  interdif f usivity ,  can  be 
estimated.  It  is  well  known  that  D«Ny.  From  the  data  of  Hil¬ 
liard  et  81^3,  the  equilibrium  value  of  0  can  be  obtained  by  ex¬ 
trapolation,  and  Ny  from: 

Nv  •  exp[Sf/kT]exp[-Ef/kT]  ,  (3) 

where  Sf  and  are  the  entropy  and  energy  for  vacancy  formation 
(taken  from  Horak  et  al2l*).By  obtaining  D  during  fatigue  from 
Eq.2  and  the  ratio  D/Ky  from  Hilliard's  data  and  Eq.3»  Ny  can  be 
obtained.  The  results  of  these  calculations  are  given  in  Table 
IV.  Diffusivities  and  vacancy  concentr ations  are  enhanced  by  fa¬ 
tigue  by  10®  -10*  .[The  values  for  sample  S,  and  the  early  se¬ 
quence  for  P  are  underestimated,  because  a  constant  volume  frac¬ 
tion  of  zones  was  not  present,  and  nucleation  oocurred,  as  well. 
Also,  for  sample  L,  the  time  at  room  temperature  without  load  was 
employed.  For  those  samples  cycled  at  increasing  strain,  only 
those  oyoles  beyond  the  elsstlo  limit  were  counted  in  making 
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these  estimates .  ] 

The  remarkable  agreement  between  Seitz'  estimate  (Eq.1)  and 
the  values  in  Table  IV  is  shown  in  Table  V. 

The  rapid  coarsening  of  sample  L  at  178°  K  results  in  the 
physically  unreasonable  vacancy  concentration  of  1.6  pet. 
Ceresara  and  Federighi^  have  suggested  that  divacancies  cause 
diffusion  at  this  temperature,  so  that  it  is  inappropr iate  to  ex¬ 
trapolate  the  dlffusivlty  in  ref. 23  from  high  temperature  in  this 
case . 


CONCLUSIONS 

1)  Small-angle  X-ray  scattering  has  proven  to  be  a  powerful  tech¬ 
nique  for  characterizing  the  effects  of  fatigue  on  G.P.  zones. 

2)  Samples  aged  to  contain  an  equilibrium  volume  fraction  of 

small,  densely  spaced  spherical  G.P.  zones  coarsen  at  rates 
exceeding  the  theoretical  equilibrium  value  by  approximately  six 

orders  of  magnitude  at  room  temperature. 

3)  Samples  fully  aged  to  contain  large  widely  spaced  spherical  or 
ellipsoidal  zones  resist  coarsening,  either  because  of  the  small 
driving  force  late  in  the  aging  process,  or  because  of  a  dynamic 
balance  between  cutting  processes  and  ripening. 

4)  Even  in  this  second  case,  in  areas  of  a  sample  adjacent  to  the 
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crack  path,  zones  undergo  accellerated  transformation. 

5)  Nucleation,  growth,  and  coarsening  can  occur  in  very  short 
times  during  cycling  of  a  supersaturated  solid  solution  produced 
by  reversion,  even  when  normal  aging  in  such  a  condition  is  slug¬ 
gish.  TMT  including  such  cycling  could  be  a  useful  step  in  pro¬ 
cessing  . 

6)  Vacancies  generated  by  high-stress  cycling  at  77  K  are  immo¬ 
bile  at  this  temperature,  but  promote  rapid  aging  above  178  K  in 
Al-Zn  alloys. 


ACKNOWLEDGEMENTS 

This  research,  supported  by  ONR  under  contract 
no.N00014-80-C-01 16,  was  submitted  (by  R.G.P.)  in  partial  ful¬ 
fillment  of  the  requirements  for  the  Ph.D.  degree  at  Northwest¬ 
ern  University  in  May  1983.  The  diffraction,  fatigue,  and  me¬ 
chanical  properties  facilities  of  Northwestern  University's  Ma¬ 
terials  Research  Center  were  employed;  these  laboratories  are 
supported  in  part  by  NSF  under  grant  No. DMR-MRL-82-16972.  Dr. 
M.  Tang  helped  with  the  software,  and  Prof.  T.  Gross  made  va¬ 
luable  suggestions  concerning  fatigue  testing.  Discussions  with 
Prof.  M.E.  Fine  are  gratefully  aeknowledged . 


PAGE  20 


APPENDIX 


For  a  spherically  symmetric  particle  the  scattered  intensity 
can  be  expressed  as1^: 

1(h)  -  Ig(h)<F3  (h)>  -  Ie(h)[£  p(r)[sinhr/hr]4TTr2dr]a  ,  (Al) 

where  Ie  (h)  is  the  intensity  scattered  by  one  electron,  p(r)  is 

the  electron  density,  r  is  measured  from  the  particle  center  and 
hs4TTsin9  /X.  For  small  scattering  vectors,  the  Guinier  approxima¬ 
tion  descibes  the  scattering  from  randomly  oriented  spherical 
particles : 


1(h)  ■  I(o)exp[-haRga/3], 


(A2) 


where  RQ  is  the  radius  of  gyration.  For  a  single  particle  of  ra¬ 
dius  Rs,rGs  (3/5)*Rs.  The  radius  of  gyration  in  the  presence  of  a 
size  distribution  is: 


-  [(3/5)<R*)/<Ra>]^  .  (A3) 

At  large  h,  the  Porod  approximation  for  Eq . 1  is: 

1(h)  a  2naApaI#(h)&jQjh’^,  (A4) 


where  S^o^is  total  external  surface  area  of  the  scattering 
particles  under  the  X-ray  beam.  (In  this  case  it  is  assumed  that 
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the  particles  have  sharp  interfaces.)  Thus,  a  plot  of  h4I(h)  vs. 
h  approaches  a  value  directly  proportional  to  surface  area. 

The  integral  small-angle  scattering  (for  point  collimation) 

is  : 

00 

Q  »  J*haI(h)dh,  '  (A5) 

o 

and  can  be  shown  to  be  related  to  the  solute  concentration  inside 
and  outside  a  particle  in  a  binary  system2^: 

00 

<%n)aJ*haI(h)dh  as  (m^m)  >  «m>  -o^)  (AZ*/Va)  .  (A6) 

o 

The  overall  solute  concentration  is  <m>,  the  paricles  have  con¬ 
centration  mi,  and  the  matrix,  mg*  The  term  AZ  is  the  difference 
in  atomic  number  of  the  two  elements,  of  average  volume  Va . 
Alternatively1 

Q  -  2naIe(h)dpaVsC(l-C),  (A7) 

where  Ap  is  the  electron  density  difference  between  particle  and 
matrix,  Vg  is  sample  volume,  and  C  is  volume  fraction(  of  parti¬ 
cles).  If  the  absolute  intensity  can  be  measured  from  two  alloys 
at  any  given  temperature,  Eq .  A6  can  be  employed  to  determine  m<| 
and  m2  27 ,  and  henoe  the  metastable  miscibility  gap;  this  has 
been  done  in  the  Al-Zn  system27.  Absolute  scattering  power  was 
not  determined  in  this  investigation,  and  a  ratio  technique  was 
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employed  to  determine  the  volume  fraction  of  G.P. zones2®. 
Assuming  that  does  not  change  with  fatigue,  increases  in  the  re¬ 
lative  value  of  Q  correspond  to  increases  in  the  volume  fraction 
precipitated,  according  to  Eq .  A-7.  It  is  known  that  full  aging 

occurs  rapidly  in  dilute  Al-Zn  alloys  quenched  directly  from 
the  a  phase  and  therefore  the  ratio  of  the  Q  value  after  fatigue 
to  that  prior  to  fatigue  gives  the  actual  volume  fraction  (after 
cycling )  . 2®. 

Another  moment  of  the  size  distribution  is  the  Porod  radius: 

OD 

R  -  <R3>/<R8F  -  [3j*h8I(h)dh]/(l-C)Aimh4I(h)  (A 8) 

P  O  h— <*> 

Particle  diameter  distributions  were  obtained  by  using  the 

| 

Integral  transform  derived  by  Letcher  and  Schmidt2^.  They  have 
shown  that  the  relative  diameter  distribution  function,  N(D),  is 
given  by: 

j [h4I(h) “C^]e (hD)dh,  (A9) 

o 

where  D  is  the  particle  diameter,  Cg  is  the  limit  h4I(h)  (h-»  ), 

and  or(hD)  is  the  single  particle  form  factor,  given  (with  x*hD) 

as : 


a(X)  -  (1-8/X? ) cosX- (4-8/X? ) (sinX/X] 
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The  value  of  C4  is  obtained  following  ref.  30  to  assure  that  the 
integral  in  £q .  A9  converges. 

The  data  collected  in  this  research  were  corrected  for  sam¬ 
ple  absorption,  counting  time  differences,  sample  volume,  and 
parasitic  scattering.  The  last  contribution  (from  slits, 
windows , etc . )  was  determined  by  malting  a  measurement  witout  a 
sample  in  place.  This  intensity  was  small  beyond  the  beam  stop 
at  0.15  2  . 
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TABLE  II 

Fatigue  Response  of  Samples 


N 

a*pl  tot 

A«PL 

0 

max 

(cycles) 

(7.) 

(7.) 

(MPa) 

1 

.16 

210.3 

2 

.15 

213.1 

10 

.10 

221.1 

20 

.10 

223.4 

50 

cracking  apparent 

130 

test  stopped.  SAXS 

1 

.028 

173.8 

2 

.026 

173.8 

5 

.018 

180.0 

10 

.013 

179.3 

20 

.014 

180.6 

50 

.013 

180.0 

100 

.015 

180.0 

-SAXS 

101 

.014 

177.2 

115 

.014 

176.5 

150 

.013 

175.1 

200 

.013 

175.1 

250 

.014 

174.4 

300 

.015 

171.7 

350 

cracking  evident 

168.2 

380 

test  stopped.  SAXS 

R+  1 

.72 

.14 

206.8 

2 

.72 

.13 

209.6 

-SAXS 

3 

.72 

.13 

219.2 

4 

.72 

.11 

224.1 

5 

.75 

.14 

228.2 

10 

.75 

.11 

239.2 

12 

.80 

.15 

245.4 

20 

.83 

.12 

247.5 

21 

.83 

.15 

247.5 

30 

crack  ns 

evident  -  test  stopped. SAXS 

S  2  h  refers. 05 

... 

17.9 

2 

to  num-  . 10 

35.8 

2 

bar  of  . 15 

.016 

45.7 

2  cycles  *.  20 

.052 

51.7 

2 

each  aflgja.  25 

1  .30 

.082 

58.3 

1 

.110 

66.3 

4  N  refers. 30 

.088 

76.3 

1 

to  Nth  .35 

.120 

85.5 

7  cycle  at  .35 

.092 

90.5 

9 

that  .35 

.079 

94.8 

20 

strain  *35 

.044 

106.9 

2 


-SAXS 

21  N  refers. 35 

.020 

115.8 

26  to  total. 40 

.053 

122.7 

28  number  of. 45 

.088 

125.5 

30  cycles  .48 

.095 

130.3 

32  .50 

.108 

138.6 

42  .60 

.160 

153.7 

44  .55 

.105 

155.8 

45  .55 

.095 

162.7 

65  /  ^  .55 

.070 

165.5 

68(N  refers  >60 

.110 

171 

80  t0  **»•  .60 

.090 

175.1 

81  Nth  cycle  #63 

.102 

182 

100  at  8tven#63 

.085 

184.8 

strain. ) 

-SAXS 

101  .50 

.025 

163.4 

106  .60 

.085 

177.2 

108  .63 

.103 

169.6 

110  crackinR  evident  - 

test  stopped. 

SAXS 

1 

19.5 

500 

20.2 

1,000 

20.6 

1,001 

19.0 

3,000 

19.2 

10,000 

-SAXS 

19.2 

20,000 

19.4 

20,003 

19.0 

30,000 

19.4 

40,000 

19.6 

60,000 

-SAXS 

19.6 

80,000 

19.6 

100,000 

19.7 

101,000 

19.0 

120,000 

19.2 

150,000 

19.3 

200,000 

19.4 

1 

-SAXS 

29.8 

500 

30.5 

2,000 

30.8 

3,000 

30.9 

.  4,000 

31.0 

5,000 

-SAXS 

31.1 

5,010 

29.1 

10,000 

30.5 

20,000 

30.6 

30,000 

30.7 

40,000 

30.9 

total  displacement  control 
total  plastic  strain  control 


TABLE  III 

Sunmary  of  Snail  Angle  Scattering  Results 
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Vertical  37.3(±  .41*)  22.1  15.8  23.2  1.3xl06  76.7  10.0  .28,4.1 

Horizontal  39.0(±  .631)  31.7  24.2  34.8  2.4xl06  87.0  3.7  .28,4.5 

45°  47.2<±  .62%)  52.7  36.3  60.4  5.4xl06  101.2  5.7  .21,3.7 


2 


1.  Th«  value  in  parenthesis  is  che  standard  deviation  of  the  least  squares 
fit  to  Guinier's  approximation.  Correlation  coefficients  for  the  Guinier 
least  squares  fit  were  all  greater  than  .999.  (Thu  LS  denotes  values  ob¬ 
tained  from  a  least  squares  fit  to  Guinier  and  Porod  approximations.  SD 
denotes  values  obtained  from  the  size  distribution  analysis.) 

2.  Average  diameter  derived  from  che  size  distribution. 

3.  Q  is  given  in  relative  units.  Although  the  statistical  counting  error 
involved  in  the  sample  (plus  parasitic)  and  parasitic  scattering  patterns 
are  very  low,  the  determination  of  Q  involves  a  larger  uncertainty.  The 
greatest  uncertainty  lies  in  the  somewhat  subjective  choice  of  the  angle 
at  which  to  apply  extrapolation,  the  range  of  h  to  be  used  for  the  least 
squares  fit,  and  the  form  of  the  intensity  in  this  range. 

Even  though  statistical  counting  error  might  only  equal  a  few  percent 
at  the  moat,  experience  has  shown  that  the  uncertainty  in  Q  can  be  as 
high  as  20%  since  up  to  30%  of  the  intensity  can  come  from  the  high 
angle  region.  As  R-..  and  ^TOT  GP  zone  density)  depend  directly 

on  an  accurate  determination  of  q,  their  relative  errors  would  be  similar 
in  magnitude.  No  attempt  was  made  to  scale  intensities  between  samples, 
so  Q  could  vary  from  sample  to  sample  due  to  filament, alignment,  etc. 

4.  The  statistical  counting  errors  (/l/I) ,  are  given  at  the  low  angle  inter¬ 
ference  maxima  and  high  angle  data  points,  respectively,  where  I  is  the 
number  of  accumulated  counts. 

Data  for  this  sample  was  collected  to  he  .40  A-1. 

< 

3.  Data  collected  to  h  ~  .4  A.  ;  counting  errors  in  parasitic  scattering 
were  .62%  to  2.3%. 

6.  The  vertical  tilt  data  shown  above  differed  from  RG  calculated  from  a 
horizontal  and  43°  tilt  by  less  than  10%. 

7.  A  45?  sample  tilt  yielded  RGLg  »  16.6  I,  •  13.1,  Q  •  3.2. 

8.  A  horizontal  sample  tilt  yielded  Rg^g  -  14.2,  Rp^  ■  10.3,  Q  ■  5.3. 

9.  Data  collected  to  h  —  .36  A  *.  A  parasitic  scattering  curve  collected 
had  counting  errors  ranging  from  .65%  to  7.1%. 

10.  The  as-quenched  value  of  Q  ■  3.1. 

11.  This  data  corresponds  to  SAXS  patterns  collected  after  fatigue  secs  #7, 

8,  and  9. 

12.  Data  collected  at  178? K  extended  to  h  —  .53  A’1.  A  parasitic  scattering 
pattern  showed  counting  error  ranging  from  ±  .82%  to  ±  8.8%. 

13.  Data  collected  at  29(fK  extended  to  h  «**  .6  A  *. 

14.  A  scattering  pattern  collected  for  this  grain  tilted  horizontally  yielded 
Rq  ~  9 •  7 ,  Rp  —  6.1,  Q  as  2.5. 
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TABLE  V 

Experimental  and  Emperical  Estimates 

of  Nv 

Sample 

lASpL 

Ny (experimental) 

Ny(Seitz) 

ID 

(X) 

(atom  fraction) 

(atom  fraction) 

V 

3.5 

1.7xl0"5 

3.5xl0"6 

S 

6.8 

1.3xl0"5 

6.8xl0-6 

P 

6.5 

3.9xl0"6 

6.5xl0-6 

P 

36.5 

3.5xl0"5 

3.7xl0‘5 

FIGURE  CAPTIONS 


Fig.  I 
Fig.  2 

Fig.  3 

Fig.  4 
Fig.  5 

Fig.  6 

Fig.  7 


.  Nominal  dimensions  of  £aeigue  specimens,  in  millimeters. 

.  Schematic  diagram  o£  a  fatigue  hysterisis  loop,  with  definition 
of  terms. 

.  Sample  V 

a)  Guinier  plots,  before  and  after  failure. 

b)  G.  P.  zone  size  distributions. 

.  Guinier  plots,  sample  T. 

.  Sample  8 

a)  Scattering  patterns. 

b)  Zone  size  distributions. 

.  Sample  P 

a)  Scattering  patterns. 

b)  Zone  size  distributions. 

.  Sample  L 

a)  Scattering  patterns. 

b)  Zone  size  distributions. 
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